Introduction
The U.S. National Research Council has identified emission source characterization and hazardous component assessment as two of the top ten research priorities for airborne particulate matter (PM; National Research Council, 2004) . PM is a global health concern, as these airborne particulates are not contained within national borders. In China, Brazil, Spain and India, human health effects have also been re-ported with exposure to PM2.5 or PM10 (particulate matter b2.5 μm or b10 μm in diameter, respectively) containing metals such as lead, zinc, nickel, iron, manganese, chromium, and copper (Kulshrestha et al., 2009; Aldabe et al., 2011; de Miranda et al., 2012; Wang et al., 2013) .
Moreover, metals on PM are bioavailable for uptake via human inhala-tion and ingestion (Morman et al., 2009) .
The Nellis Dunes Recreation Area (NDRA) is a popular off-road vehi-cle (ORV) driving destination managed by the Bureau of Land Manage-ment (BLM), located just 6 km northeast of Las Vegas, NV. For the past 40 years, the NDRA has provided the public an accessible area in Clark County for legal off-road driving, with annual visitation estimated at over 300,000 (Goossens and Buck, 2009) . Recently, dust at NDRA was found to have abnormally high concentrations of arsenic (Soukup et al., 2012) , a metal classified as a human carcinogen (USEPA, 1988) . Due to the high visitor rate and potential health risks associated with geogenic dust inhalation exposure, the current study examined the tox-icological effects specific to geogenic dust collected from easily erodible sand dune surfaces at NDRA, designated here as "CBN 1".
CBN 1 surfaces at NDRA are characterized by sand dunes with and without vegetation. Dunes are one of the most popular areas in NDRA, utilized by both individual recreationists as well as by companies that provide ORV services. They cover an area of approximately 317 ha, among which 57 ha dunes without vegetation and 260 ha partly vegetated dunes. Both dune types are prone to severe wind erosion yearround. Soils at the CBN 1 surfaces contain the typical assortment of arid-soil minerals including quartz, calcite, gypsum, amphibole, feldspar and many clay minerals such as palygorskite, illite, smectite, kaolinite and chlorite (Soukup et al., 2011) . These minerals have within their crystal structure or adsorbed on their surfaces, many different heavy metals and metalloids (see Table 1 ). Dust in this area is generated by both natural wind erosion and ORV activity . The geologic source of the dune sand is the yellow sandstone facies of the Muddy Creek Formation, which contains significant arsenic concentrations, especially in the finer grain-size fractions (Goossens et al., 2015) . These finer grain-size fractions become airborne as a result of wind or ORV activities, leading to inhalation exposures. It is only recently that health effects of dust generated from soil sources has emerged as an increasingly important health concern (Sharratt and Lauer, 2006; Whicker et al., 2006; Buck et al., 2013; Derbyshire, 2007) . Morman and Plumlee (2013) recognized that particle size alone is insufficient for understanding the risks of particulate matter and that the relative contributions of toxic trace metals and other components of dust to respiratory morbidity and mortality deserve further research. In a large study across 25 U.S. communities, Franklin et al. (2008) used data that combined air quality information from the U.S. Environmental Protection Agency (EPA), mortality data for more than 1.3 million deaths, and U.S. National Climatic Data Center meteorological data, to examine how the association of mortality with PM2.5 differed among communities as a result of variation in the chemical composition of the particulate matter. Mortality increased when nickel, aluminum, sulfate, silicon, and arsenic were in a higher proportion while the combination of sulfate, nickel, and aluminum modified the association between PM2.5 mass and mortality. Furthermore, Ruckerl et al. (2011) cite multiple studies documenting that the metal components of natural dust, such as vanadium, chromium, nickel, copper, and iron, cause oxidative stress thereby inducing proinflammatory effects in the lung.
Many studies have found that exposure to airborne PM increases risks of respiratory illness, cardiovascular disease, and mortality (Dockery et al., 1993; Pope et al., 1995; Samet et al., 2000; Lee et al., 2006; Beelen et al., 2008; Samoli et al., 2008; Ruckerl et al., 2011) . Extensive reports identify that a number of air pollutants and particulates cause local pulmonary immune deficits. This is further supported with numerous epidemiologic studies describing increased PM air pollution with increased frequency of respiratory complaints such as pneumonia, asthma, croup, bronchitis and viral pulmonary infections (Brauer et al., 2002; Dockery & Pope, 1994; Gilmour & Koren, 2000; Lambert et al., 2003) . While it is well-established that airborne PM affects local immune responses in the lung, less is known about systemic immunological effects due to PM exposure (Albright and Goldstein, 1996; Leonardi et al., 2000; Hassani et al., 2004) . One study demonstrates that systemic IgG antibody production is suppressed in an autoimmune mouse following exposure to PM (Hassani et al., 2004) .
Geogenic dust also almost always has significant amounts of crystalline silica, primarily in the form of the mineral quartz and any number of other silicate minerals. Silica exposure is associated with a variety of autoimmune problems, including rheumatoid arthritis, lupus, scleroderma, and glomerulonephritis (Lim et al., 2012) . Those exposed to crystalline silica in occupational environments present with a disruption in immunological homeostasis that includes increased lymphoproliferative responses, increased levels of the pro-inflammatory cytokines (IFN-γ, IL-1α, TNF-α, IL-6), and increased anti-inflammatory cytokines (IL-10 and TGF-β; Rocha-Parise et al., 2014) . Crystalline silica exposure is also associated with excess mortality from acute renal disease and can also be associated with an increased risk of end-stage renal disease (reviewed by Ghahramani, 2010) .
Even fewer studies have characterized neurotoxicity following PM exposure. Calderón-Garcidueñas et al. (2008) report that exposure to elevated concentrations of air pollutants including ultrafine PM and PM2.5 causes neuroinflammation and alters innate immune responses in the brain of children and young adults. Ultrafine PM appears to enhance formation of protein fibrils in the brain affecting beta-amyloid (β42) and α-synuclein (Linse et al. 2007 ). Extrapulmonary translocation of inhaled PM and metals to the brain have also been reported (Oberdorster et al., 2004; Tjalve and Henriksson, 1999) . Calderón-Garcidueñas et al. (2008) argue that neuroinflammation as a result of exposure to air pollution could have a causative role in both Alzheimer's and Parkinson's diseases.
As we learn more about geogenic dust and its complexity, it is increasingly important to characterize health effects due to exposures, especially as recreational and developmental pressures increase the number of humans exposed to these dusts. Therefore, this study was designed to establish a toxicological profile following lung exposure via oropharyngeal aspiration to geogenic dust, characterized by size as well as silica and metal content. A suite of immunotoxicological, clinical chemistry, and neurotoxicological evaluations were used to determine the dose-response profile of exposure to NDRA geogenic dust.
Methods

Collection of geogenic dust
Composite samples were collected from the topsoil (upper 0-4 cm) using a plastic scoop and placed into a clean plastic bag, which was hermetically closed after collection. GPS position of the center of the collection area was recorded for each sampling point. Samples were collected from active sand dunes and sand sheets with no vegetation and dune sands with sparse and isolated shrubs; these correspond to an internal designation for our study described as surface units 1.1 and 1.2 in McLaurin et al., 2011 . The samples were treated in a Soil Fine Particle Extractor (see Goossens, 2012) to extract particles with a median diameter of approximately 4 μm. The extracts were combined to create combination surface unit designated as "CBN 1" based on the areal extent of that surface unit within the dune field: surface unit 1.1: 13.7%, and surface unit 1.2: 86.3%.
ICP-MS analyses of geogenic dust
All samples were digested in accordance with the USGS Four-Acids Method (Briggs and Meier, 1999) and subsequently analyzed using an Agilent 7700 inductively coupled plasma/mass spectrometry (ICP-MS) device (Agilent Technologies, Santa Clara, USA). To ensure quality control for the ICP-MS analyses, all quality control procedures set forth by US EPA Method 6020A (USEPA, 2007) were followed. In addition, NIST SRM 8704 (Buffalo River Sediment) and NIST SRM 2711a (Montana II Soil) were used as standard reference materials (SRMs).
Arsenic speciation
Arsenite, arsenate, monomethylarsonic acid, and dimethylarsinic acid quantification speciation was performed using IC-ICP-CRC-MS at Brooks Rand Labs, LLC (formerly Applied Speciation and Consulting, LLC) according to an in-house developed method based on Kubachka et al. (2012) .
Quantitation of silicon in geogenic dust
Analysis for the element silicon utilized a Thermo Scientific Niton XL3t GOLDD+ portable XRF (X-ray fluorescence) instrument. For calibration the NIST Standard Reference Material 2711A was run and the XRF results are in agreement with the certified values for silicon and within the margins of uncertainty for the soil standard. A total of six samples were analyzed from CBN 1 and each sample was run twice for a total of 120 s for each analysis.
Preparation, stability and verification of geogenic dust for animal exposures
Dust samples were carefully labeled, stored in sealed and dry containers, protected from light, and secured in a lock box in the laboratory. CBN 1 dust was prepared in sterile, endotoxin-free, phosphate buffered saline (ETF-PBS) at concentrations of 0.01, 0.1, 1, 10, or 100 mg of dust/ kg of body weight and was administered to mice within 1-2 h of preparation. Some elements have various degrees of solubility in water and addition of dust samples to saline for delivery into the mouse may have changed the distribution of insoluble elements versus concentration of those elements in solution. To verify that adding the dust samples to PBS did not substantially alter the solubility of elements, a stability study was performed with the lowest concentration (0.01 mg/kg) and a higher concentration (10 mg/kg). CBN 1 dust was added to ETF-PBS to ascertain stable time frames in which the solution could be used for mouse exposures. Solutions were prepared and samples of the solutions were collected immediately after preparation, and then at 1, 2, 4, and 6 h. Samples were immediately centrifuged, supernatants removed, and examined using an ICP-MS to quantitate total soluble element concentrations. The analysis indicated that leaving the dust samples in an ETF-PBS solution for up to six hours did not substantially change the distribution of elements in solution. At 6 h, soluble element concentrations in supernatant began to increase, indicating that insoluble:soluble portions remained constant for 6 h in solution. We did not test for changes in speciation, but only total values of elemental metals. This additional quality control measure verified our dosing solution concentrations, potential for flux, and accounted for potential contamination from PBS or other steps in our preparation process. To control for contamination in this preparation process, no metal spatulas or any other metal items were used for weighing, storage, manipulation, or transport of dust samples.
Animals
Mice were obtained from Charles River Laboratories (headquartered in Wilmington, MA) and were acclimated for 7 days to the conditions of the treatment room (12-h light/dark cycle, 22 ± 2°C, 60-65% relative humidity) at the University of Nevada Las Vegas (UNLV) animal facilities, which are accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. The UNLV Institutional Animal Care and Use Committee approved all experiments. Mice were housed in ventilated polycarbonate shoebox cages with corncob bedding and were given unlimited access to food and water.
Animal exposures
To simulate the potential health impacts of a month of weekend exposures to geogenic dust from the NDRA, adult female B6C3F1 mice were exposed to CBN 1 dust samples with a median diameter of 4.39 μm (Table 1) at 0, 0.01, 0.1, 1.0, 10, or 100 mg/kg of body weight once weekly for four weeks. Each dose administered was adjusted to body weight. Therefore, based on a 20 g mouse, 20μg was administered to the lung via oropharyngeal aspiration. Mice in the 0 mg/kg group received PBS only and served as a vehicle control group. To ensure availability of tissue for toxicology assays, each dose group was comprised of 12 mice, housed six per cage. In addition, three separate groups of mice were used for a total of three replicates for each exposure. Samples for toxicity studies were collected from each group three days in a row. Fig. 1 depicts the basic arrangement for replicates and sample collection.
Mice were exposed by oropharyngeal aspiration using isoflurane as an anesthetic agent. The dose was based on current body weight of the mouse. An average volume of 10 μL was administered to each mouse; however, based on individual body weight changes, this volume was adjusted to between 9 and 13 μL per mouse. One day after the final dose was delivered, samples for toxicity studies were collected from animals euthanized by carbon dioxide asphyxiation. The following assays were performed to determine a profile of toxicological effects specific to NDRA geogenic dust from CBN 1.
Body weight, organ weights, and immune organ cellularity
Body weight was monitored weekly during the study and terminal body weights were collected for all animals the day of euthanasia. The brain, kidney, liver, lung, spleen, and thymus were removed and weighed. Weights were adjusted for terminal body weights to determine absolute and relative organ weights. Spleens and thymuses were suspended in complete medium (RPMI, 10% fetal calf serum, 50 IU penicillin and 50 μg streptomycin) and were aseptically processed into single-cell suspensions by gentle grinding between two sterile, frosted microscope slides. An aliquot of each spleen or thymus suspension was manually counted on a hemocytometer to determine the number of live cells (viability of cells for each organ was generally greater than 95%). The total number of cells per spleen and thymus (cellularity), adjusted by the weight of each organ, was determined for each animal from Set B (see Fig. 1 ).
Hematology, clinical chemistry, and blood metals
For hematology and clinical chemistry endpoints, blood from anesthetized animals was collected into a microtainer tube containing EDTA, which kept the blood from coagulating or in a microtainer with no anticoagulant for serum collection. Once collected, samples were sent overnight to the Montana Veterinary Diagnostic Laboratory (MVDL) in Bozeman, MT, for hematology (whole EDTA blood) and clinical chemistry analysis (serum). Hematology parameters included: white blood cells (WBC; 10 9 /L), red blood cells (RBC; 10 9 /L), hemoglobin (HGB; g/dl), hematocrit (HCT; %), mean corpuscular volume (MCV; fl), mean corpuscular hemoglobin (MCH; pg), mean corpuscular hemoglobin concentration (MCHC; %), red cell distribution (RDW; %), platelet count (10 9 /L), neutrophils (%), neutrophils (10 9 /L), lymphocytes (%), lymphocytes (10 9 /L), monocytes (%), monocytes (10 9 /L), eosinophils (%), eosinophils (10 9 /L). Clinical chemistry parameters included: creatine phosphokinase (CPK; IU/I), aspartate aminotransferase/serum glutamic oxaloacetic transaminase (AST/SGOT; IU/I), alanine aminotransferase/serum glutamic pyruvate transaminase (ALT/SGPT; IU/I), alkaline phosphatase (ALKP; IU/I), glucose (mg/dl), cholesterol (mg/dl), total protein (g/dl), albumin (g/dl), globulin (g/dl), phosphate (mg/dl), blood urea nitrogen (BUN; mg/dl), creatinine (mg/dl), and total bilirubin (mg/dl). Hematologies were run on all samples; however clinical chemistries performed were dependent on the volume of sample provided and not all samples were of sufficient volume. For this reason, hematology and clinical chemistry analyses were not performed in duplicate or triplicate as were other assays. For determination of blood metal and metalloid concentrations, blood from anesthetized mice was collected into a microtainer tube containing heparin. Using an analytical balance, each blood collection tube was weighed before and after collection of blood to determine the weight of each blood sample. Once collected, samples were frozen at − 80°C and then shipped to the Laboratory Services Bureau of the Montana Department of Public Health and Human Services for analysis of total levels of metal and metalloid concentrations. Metals/metalloids included: arsenic, cadmium, chromium, lead, magnesium, manganese, molybdenum, nickel, strontium, vanadium, and zinc. Blood metal/metalloid concentrations were not performed in duplicate or triplicate as were other assays. Due to limited volumes, whole blood values were determined only.
Immunophenotyping of B lymphocytes and CD4/CD8 lymphocytes
The number of splenic B cells (B220) and splenic and thymic T cells (CD4+, CD8+, CD4+/CD8+, and CD4−/CD8-) was counted in singlecell suspensions diluted to a concentration of 1 × 10 7 cells/mL. Optimal concentrations of flow antibodies and reagents were determined in previous experiments. All experimental replicates included isotype controls (to estimate non-specific binding), unstained cells as negative controls, and single color controls as positive controls to determine color compensation. Flow cytometric analysis was performed using a BD FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA, USA) and 10,000 events were collected from each sample. The total number of each cell type was determined from the spleen or thymus cellularity.
Immunophenotyping of regulatory T lymphocytes (Tregs)
Splenic lymphocytes were adjusted to a concentration of 1 × 10 6 cells per well and depleted of red blood cells via a 5-minute incubation in NH 4 Cl lysis buffer at 37°C. Monoclonal antibodies coupled to fluorochromes specific for the following markers were used at a concentration of 1 μg/10 6 cells: anti-mouse CD25-FITC, rat IgG1-PE isotype control, rat 
Plaque forming cell (PFC) assay
The primary IgM response to sheep red blood cells (SRBC; Rockland, Gilbertsville, PA) was determined using a modified hemolytic plaque assay (Jerne and Nordin, 1963) , which allows for an estimate of the number of B cells ("plaque forming cells" or "PFCs") producing antibody against SRBC. Five days before euthanasia, mice were given an intraperitoneal injection of 100 μL of 25% SRBC in PBS. Single-cell suspensions (as previously described) were prepared from spleens of mice injected with SRBC and diluted to a concentration of 1.0 × 10 6 cells/mL. A 10 μL aliquot of the single-cell suspension was added to a tube containing 100 μL of 25% SRBC in PBS, 40 μL of RPMI medium (without additives), and 50 μL of guinea pig complement. Aliquots of the solution were placed into Cunningham chamber slides. The slides were sealed with paraffin and were incubated at 37°C and 5% CO 2 for 1-2 h. PFCs were counted microscopically and were reported as PFCs/million splenocytes.
Natural killer cell activity
Natural killer (NK) cell activity was assessed via an in vitro cytotoxicity assay using 51 Cr-labeled Yac-1 cells as described previously (Duke et al., 1985; Holsapple et al., 1988) . To minimize radioactive waste, the procedure was adapted to 96-well plates that were read on a Packard Top Count scintillation counter. Spleen single-cell suspensions were adjusted to 2 × 10 7 cells/mL in complete medium and then the spleen cells Crlabeled Yac-1 cells with 0.1% Triton X-100 in complete medium. Spontaneous release was determined by incubating Yac-1 cells only in complete medium. After a four hour incubation at 37°C and 5% CO 2 , the plates were centrifuged (1200 rpm, 3 min), and 25 μL of supernatant was then transferred to a 96-well plate containing solid scintillant (LumaPlate). Plates were air dried overnight and within 24 h, were counted for 5 min, after a 10-min dark delay, using a Packard Top Count-NXT. The results are expressed in lytic units per 10 7 splenocytes using 10% lysis as the reference point as described by Bryant et al., 1992; equation 10 . Essentially, this measure considers the target tumor cell activity in the context of both maximum and spontaneous release. This method has been validated in interlaboratory studies by the National Toxicology Program (Luster, et al., 1988) .
Neuronal autoantibody formation
Blood was collected, held at room temperature for at least 30 min, and then centrifuged at 4°C to separate serum. Sera were then frozen at − 80°C until analysis of IgM and IgG antibody concentrations. Flatbottom 96-well high binding microtiter plates were coated with 100 μL of 1 mg/mL of purified neuronal protein for either glial fibrillary acidic protein (GFAP; American Research Products, Waltham, MA), myelin basic protein (MBP; Sigma-Aldrich, St. Louis, MO), or neurofilament 68 (NF-68; American Research Products, Waltham, MA) and then incubated at 4°C overnight (at least 16 h). After washing, blocking of nonspecific binding, and addition of serum samples (serially diluted 1:100), secondary antibody (alkaline phosphatase goat anti-mouse IgM or IgG; ABCAM, Cambridge, MA) was added. Each set of two plates also included mouse monoclonal primary antibodies directed against each of the three neuronal proteins instead of serum samples; these primary antibodies were added in known concentrations and served as standard curves. All plates also included blank wells. Following washes and addition of substrate (p-nitrophenyl-phosphate; Sigma-Aldrich, St. Louis, MO), plates were incubated for 30 min at room temperature and then stop solution (0.4 N sodium hydroxide) was added. Plates were read at 405 nm on a BioTek Synergy HT plate reader. Optical density values were converted to ng/mL concentrations using values obtained from the standard curve. All sera were assayed twice to verify results. Values that fell below the limits of detection were assigned a value of zero. Values that fell above the limits of detection were diluted upon the second evaluation. Values that still remained above the limits of detection after dilution were eliminated from the overall calculations due to insufficient amounts of remaining sample for further analysis.
Brain histology
Immediately following euthanasia, the brains were removed, weighed, and immersion fixed in 10% neutral buffered formalin. After 24 h, the brains were transferred to 70% ethanol for storage at room temperature and were ultimately shipped to East Carolina University (ECU). Once received, the brains were processed and embedded by the Histology Laboratory Core in the Department of Anatomy and Cell Biology at ECU. Two sections of the cerebellum, each 10 μm thick, were cut and mounted onto glass slides. One set of sections was stained with anti-CD3 + antibody (abcam, Cambridge, MA) and the other set was stained with anti-myelin basic protein (MBP) antibody (abcam, Cambridge, MA). In sections stained with anti-CD3 +, the number of T cells present throughout both sections was counted at 20 × magnification. In sections stained with anti-MBP, the relative intensity of the stain was gauged relative to the intensity of the staining of the sections from the control brains. Control brains were scored as weak (1), mild (2), moderate (3), or strong (4). The intensity of the stain in the brains from exposed animals was assigned a numerical value according to the following scale: 0 = no change in staining intensity relative to controls; 1 = very weak staining intensity relative to controls; 2 = mild intensity in staining relative to controls; 3 = moderate intensity in staining relative to controls; 4 = strong intensity in staining relative to controls; 5 = very strong intensity in staining relative to controls.
Particle positive control
To test "elemental metal effects" vs. "particle effects", separate groups of mice were exposed to titanium dioxide (TiO 2 ). TiO 2 is used often as a particle control as it is considered "neutral" with no associated heavy metals. It was approximately 21 nm in size and was administered to separate groups of mice via the same exposure paradigm as mice exposed to geogenic dust samples from CBN 1. TiO 2 was prepared in sterile, endotoxin-free, phosphate buffered saline (ETF-PBS) at concentrations of 0.01, 0.1, 1, 10, or 100 mg of particle/kg of body weight and was administered to mice within 1-2 h of preparation. Toxicity testing was evaluated in the TiO 2 exposed mice in parallel with CBN 1 exposed mice.
Statistical analysis
Data were tested for normality and homogeneity and, if needed, appropriate transformations were made. A one-way analysis of variance (ANOVA) was used to determine differences among doses for each endpoint using JMP 9 (SAS Institute Inc., Cary, NC) in which the standard error used a pooled estimate of error variance. When significant differences were detected by the F-test (p b 0.05), Dunnett's t-test was used to compare treatment groups to the 0 mg/kg group. A Dunnett's t-test also was used to compare results of the 0 mg/kg group to the TiO 2 group.
Quality assurance
This study was conducted as under the conceptual guidance of Good Laboratory Practices (GLP). Within this guidance, periodic audits of all aspects of the project were conducted as well as extensive independent review of all documentation and data. In addition, each of the participating university sites conducting experiments (UNLV, MSU and ECU) were audited by an internal but independent Quality Assurance team. All final notebooks were reviewed and initialed by the Quality Assurance Team.
Results
CBN 1 geogenic dust characterization
Dust from CBN 1 used in this study had a median diameter of 4.39 μm as determined by laser diffraction (Table 1 and Fig. 7) . Total digestion chemical composition of the dust is also shown in Table 1 . All of the arsenic was As (V) ( Table 2) .
Body weight, organ weights, and immune organ cellularity
Overall, mice in the dosed groups gained weight over the 28-day exposure and did not demonstrate significant, dose-related changes in body weight when compared to mice from the 0 mg/kg group. No significant changes in immune organ weights, thymic and splenic cellularities, kidney, lung, or brain weights, were observed. In two of the three replicates, relative liver weights were significantly decreased in mice exposed to 0.1, 1, 10, or 100 mg/kg of geogenic dust. This decrease ranged from 6%-14% relative to the 0 mg/kg group and changes were not dose-responsive. No significant body weight or organ weight changes were observed in mice exposed to TiO 2 .
Hematology, clinical chemistry, and blood metals
Hematological endpoints measured in mice dosed with dust samples from CBN 1 did not vary statistically significantly relative to responses in the 0 mg/kg group nor were any changes dose-responsive in nature. Similarly, most clinical chemistry endpoints did not vary by dose; however, plasma creatinine was dose-responsively increased in mice exposed to 0.01 mg/kg to 100 mg/kg (Fig. 2) . We did not measure these endpoints in TiO 2 exposed mice due to limited blood volume available in this smaller subset of mice. Table 2 Arsenic speciation of dry geogenic dust sample from CBN 1.
As (III)
As ( Whole blood collected from mice 24 h after the final exposure had detectable concentrations of the metals/metalloids (Table 3 ). Mean concentrations did not differ by dose.
Immunophenotyping
The total number of splenic B cells and the total number of splenic and thymic T CD4/CD8 lymphocyte subpopulations did not statistically change by exposure to CBN 1 geogenic dust (Table 4 ). The number of CD4 + CD25 + foxP3 − lymphocytes was statistically reduced at all administered doses (Table 4) by 88.4%, on average, relative to the 0 mg/kg group. No statistically significant lymphocyte subpopulation changes were observed in mice exposed to TiO 2 .
Plaque forming cell (PFC) assay
Exposure to geogenic dust samples from CBN 1 significantly reduced the number of plaque forming cells secreting IgM antibody to SRBC at all administered doses (Fig. 3) . PFC/million of spleen cells was reduced by 45-74% in dosed groups relative to the 0 mg/kg group. As even the lowest dose group was reduced relative to the 0 mg/kg group, a NOAEL could not be determined. Therefore, the LOAEL was identified as 0.01 mg/kg for this response. No statistically significant changes in the PFC response were observed in mice exposed to TiO 2 .
Natural killer cell activity
Natural killer cell activity following exposure to geogenic dust samples from CBN1 (Fig. 4) did not change dose-responsively. Lytic activity of the 1.0 and 100 mg/kg exposure group was statistically increased relative to the activity of the 0 mg/kg group. No statistically significant changes were observed in mice exposed to TiO 2 .
Neuronal autoantibody formation
Exposure to geogenic dust from CBN 1 reduced IgM antibody production against NF-68 and GFAP and IgG antibody production against GFAP, relative to production in the 0 mg/kg group. NF-68 IgM in the 0.1-100 mg/kg dosed groups (Fig. 5A) was reduced by 84%, on average, and GFAP IgM in the 100 mg/kg dosed group (Fig. 5B) was reduced by 28.9% relative to the 0 mg/kg group. GFAP IgG in the 10 and 100 mg/kg dosed groups (Fig. 5C ) was reduced by 42.2%, on average, relative to the 0 mg/kg group. No other changes were statistically different.
Brain histology
The brains of animals exposed to geogenic dust from CBN 1 did not show CD3+ T cell infiltration (data not shown). On average, MBP staining in the groups exposed to 0.1, 10, and 100 mg/kg was less intense relative to staining observed in the 0 mg/kg group (Fig. 6 ).
Discussion
Understanding health impacts of geogenic dust exposure is both a local and global concern (Kulshrestha et al., 2009; Aldabe et al., 2011; de Miranda et al., 2012; Wang et al., 2013 ). Yet, there is insufficient evidence to identify health effects of exposure to geogenic dust with different chemical compositions (Plumlee et al., 2006; Stanek et al., 2011) . Further complicating this understanding is that dust in natural settings is often a complex mixture of mineral and components with highly variable chemical compositions and particle sizes ranging from nanometers to several tens of micrometers. This study focused on sand dunes, the most popular sections for recreationists and the most emissive soil type of the NDRA. Human exposure to geogenic dust in the sand dune area is remarkable because these surfaces produce the greatest amount of respirable dust during wind erosion . These surfaces also are highly emissive when driving an ORV up to 40 km/h. Mineral dusts are also commonly high in crystalline silica and aluminum, because they are Table 4 Spleen and thymus B and T cell lymphocytes in adult female B6C3F1 mice following oropharyngeal aspiration exposure to CBN 1 geogenic dust from vegetated and non-vegetated sand dunes from NDRA each week for 28 days. primarily composed of common crustal aluminum silicate minerals. The concentration of metals and metalloids will vary based on geologic processes that can concentrate specific elements in rocks, and the chemical reactivity of the minerals and surface area of the particles themselves, which affects adsorption. In addition, airborne arsenic concentrations were of particular concern in this study due to its carcinogen classification (Anders et al., 2004; USEPA, 1988) . Even though arsenic concentrations in the sand dune sediment are relatively low (b 10 μg/g), on windy days, airborne arsenic concentrations can be quite high (0.01 to N0.03 μg/m 3 ). This poses concerns as a substantial amount of dust is emitted from the dunes, and because arsenic concentrations are greater in the finer-sized fractions (Goossens et al., 2015) . During calm conditions, the airborne arsenic concentrations in the dunes are similar to background levels in rural areas elsewhere in the world, approximately 0.0004 μg/m 3 (Suta, 1978; Ball et al., 1983) .
The primary focus of this study was to define a range of health effects following geogenic dust exposure using a mouse model. A strength of this study is that we expanded the dose-response range to provide an opportunity to define a NOAEL and LOAEL. The selection of immunotoxicology parameters, PFC assay, NK cell assay, and flow cytometric evaluation of lymphocytic subpopulations, were included in this assessment due to their strength in predicting alterations in immune function (Luster et al., 1992; Luster et al., 1993; Keil et al., 1999; Keil et al., 2001) . While a NOAEL could not be determined, the LOAEL established in this study was 0.01 mg/kg was based on both an immunological and kidney measure. A dose-responsive suppression of IgM antibody production and increasing levels of serum creatinine were the most sensitive parameters altered by exposure to geogenic dust from CBN 1. It is important to communicate that immunotoxicity occurred at geogenic dust concentrations corresponding with no overt toxicity defined as a 10% change in body weight from animals exposed to 0 mg/kg. Greater than a 10% change in mouse body weight is an indicator of overt or systemic toxicity, often blurring direct effects on immune function. The LOAEL of 0.01 mg/kg was associated with a 45% reduction in IgM antibody production relative to the responses measured in the 0 mg/kg group. The large reduction in IgM antibody production at low concentrations of geogenic dust from CBN 1 indicates that this mixture is capable of interfering with the ability of B cells to produce immune protective antibodies. A limitation of this study is that we did not have the budget to also measure organic compounds on the dust. Even though quantitated metals were notably high on the geogenic dust, we acknowledge the possibility of unmeasured organic compounds as an underlying part of the geogenic dust mixture that may also contribute to the effects reported in our model.
These observations are consistent with reports demonstrating that single exposures to lead, arsenic or crystalline silica suppress antibody responses. Specifically, arsenic and crystalline silica suppress the IgM response to T cell-dependent antigens, including SRBC and keyhole limpet hemocyanin (KLH) (Burchiel et al., 2009) . Lead exposure suppressed serum levels of IgA, IgM and IgG and caused oxidative damage in Fischer 344 rats (Ercal et al., 2000) . With regard to human studies, little is known about how metals-containing dusts affect serum antibody levels. Bencko and colleagues reported that workers exposed to arsenic in a coal-burning plant had reduced serum levels of IgM, IgA or IgG that were less than 1/10 the levels of matched controls (Bencko et al., 1988) . Like the geogenic dusts used in these experiments, welding fumes vary with respect to the type and quantity of metals that they contain (Anderson et al., 2007) . Anderson et al. (2007) evaluated the effects of stainless steel welding fumes that predominantly contain chromium and manganese. By oropharyngeal aspiration in mice, the highest administered concentration (20 mg/kg) suppressed the primary IgM antibody response to SRBCs without a concomitant reduction in the percentage of B or T cells (Anderson et al., 2007 ). An in vitro study in the same publication demonstrated that when splenic lymphocytes were exposed to either a soluble portion, an insoluble portion, or a mixture of the soluble and insoluble portion of the welding fume particles, only the soluble portion of the welding fume particles were capable of reducing primary antibody responses. As chromium and manganese were higher in the soluble fraction of welding fume particles than in the insoluble portion, Anderson et al. concluded that these metals were associated with the observed immune suppression (Anderson et al., 2007) .
Although our environmental mixture was more complex, results of experiments with TiO 2 , a particle with no associated heavy metals, suggest that the metals and/or the minerals in the mixture, or the mixture of the metals and minerals with the particles, rather than the particles Fig. 4 . Splenic natural killer cell activity was assessed in adult female B6C3F1 mice following oropharyngeal aspiration exposure to CBN 1 (vegetated and non-vegetated sand dunes) geogenic dust samples from NDRA each week for 28 days. Data are presented as mean lytic unit ± standard error of the mean. Sample size for each group was 5-6 animals. Data presented are representative of three trial days. The (*) indicates data significantly different from respective 0 mg/kg (p b 0.05) was determined from log transformed data.
alone, were likely contributing to the observed changes in immune function. Additionally, although each individual metal had a relatively low concentration in the blood (Table 3) , we cannot discount that the cumulative concentration of the metals in the blood in combination with the particles may have produced the observed effects. Very little is known about environmental mixtures; this study is one of the first to evaluate such a complex mixture. In summary, at least five components in our geogenic dust, arsenic, lead, crystalline silica, chromium and manganese, are known to suppress IgM antibody production and this is consistent with our observations.
The average decrease in activated T helper cells (CD4 + CD25 + -foxP3 − ) by approximately 88.4% in the exposure groups can account for reduced IgM antibody production. These lymphocytes are key to antigen presentation and subsequent antibody production (Vazquez et al., 2015) . Of the elements in this complex geogenic dust mixture (Table 1) , arsenic has been reported to reduce the CD4+ lymphocyte count (SotoPena et al., 2006) , suppress proliferative lymphocytic responses, and decrease IL-2 production (Biswas et al., 2008) . Crystalline silica exposures in an occupational environment led to workers with increased lymphoproliferative responses and decreased production of IL-2 (Rocha-Parise et al., 2014). IL-2 is key to activating T cells. Both silica and arsenic are reported to suppress this cytokine. Although this change to activated T helper cells was not reflected in the LOAEL established in this study, it is an important observation that may explain in part, the decreases in T cell-dependent IgM antibody production.
In some cases elevated levels of creatinine have been reported with exposure to inorganic arsenic (Moore et al., 1994) . Furthermore, animal studies have reported that the urinary system is a more sensitive target for DMA than for MMA (Cohen et al., 2001 ). Evidently, our study differs in that we examined an exposure to silica and metals, arsenic included. In our mixture, dose-responsive increases in serum creatinine were observed following exposure to geogenic dust from CBN 1, comprising of 62 μg/g arsenic, 25 μg/g lead, 511 μg/g manganese, and 4.7 μg/g uranium (Table 1) . Serum creatinine is a marker of kidney function and increasing levels suggest nephrotoxicity. Increased creatinine levels in the blood may also suggest diseases or conditions that affect kidney function such as acute tubular necrosis or glomerulonephritis from infection or autoimmune disease. The kidneys are particularly susceptible not only to metal toxicity, but also to silica. Silica exposure is associated with excess mortality from acute renal disease and an increased risk of end-stage renal disease (reviewed by Ghahramani, 2010) . Therefore, it is plausible that the combined metals and silica exposure in our geogenic dust would alter a kidney function. It is important to remark that the increase in creatinine developed during 'weekend' exposures over one month. This is a swift change in creatinine and suggests diminished kidney function. Therefore, examination of chronic exposure to geogenic dust may be needed to understand the full extent of effects on the kidney.
Although our results indicate that Tregs were not depleted following an exposure to geogenic dust from CBN 1, previous research reported that arsenic or silica has been shown to affect immune regulation by specifically targeting Tregs. Tregs are recognized as a specialized subset of T lymphocytes responsible for suppression of immune responses and a key cell in preventing autoimmune disease. Silica exposure is associated with a variety of autoimmune problems, including rheumatoid arthritis, lupus, scleroderma, and glomerulonephritis (Lim et al., 2012) . Tregs are characterized by high surface expression of CD25 (the IL-2 receptor alpha chain) and intracellular expression of the master switch transcription factor forkhead box protein P3 (FoxP3) (Fontenot et al., 2003) . Studies have reported both increases and decreases in Treg populations following arsenic exposure (Hernandez-Castro et al. 2009; Thomas-Schoemann et al., 2012) . This contrasts our studies where no change in numbers was observed. At this time, the reasons for this difference are unclear.
Upon injury to cells within the nervous system, liberated proteins may induce an autoimmune response measurable as serum autoantibodies (El-Fawal et al., 1999) . El-Fawal and O'Callaghan reported increases in IgM and IgG antibodies against neural and glial proteins in rats exposed to only one dose of trimethyltin that were detectable up to three weeks post-exposure (El-Fawal and O'Callaghan, 2008) , so this endpoint was chosen to evaluate the potential neurotoxicity of the complex geogenic dust in this study. While statistically significant changes in autoantibodies against neural proteins were observed, they were reduced in animals from dosed groups, rather than increased relative to levels in the 0 mg/kg group. This is likely indicative of the overwhelming immune suppression observed in the PFC assay. Additionally, no infiltration of T cells was observed in the brains of dosed mice, which suggests that the geogenic dust from CBN 1 was not given at a concentration or for a duration sufficient to induce a strong enough inflammatory response to attract T cells from the periphery. The relative intensity of MBP was evaluated in brain sections to determine if autoantibodies or inflammatory processes were directed against this common brain protein that often is a target in neurodegeneration. The observed decrease in MBP in dosed groups (0.1, 10, and 100 mg/kg) relative to the control group can indicate inflammation-induced demyelination, which was detectable with immunohistochemistry, but not sufficient to attract immune cells from outside of the central nervous system. Additionally, the inconsistency and variability in this particular response indicate that the exposure paradigm or concentrations were not sufficient to induce strong reductions in MBP. While neurotoxicity cannot be ruled out as a concern, under the conditions of this study, overt neurotoxicity was not evident.
The authors acknowledge that exposure and bioavailability of the adsorbed components in this geogenic dust are fundamental to bridging these data to human health risk. The complex interactions in the human body upon exposure to these substances are further complicated by the different bioaccessibility, biodurability, and bioreactivity of these minerals and their adsorbed components (Plumlee et al., 2006; Morman and Plumlee, 2013) . In addressing this topic more completely, forthcoming publications from this research team will report on the bioaccessibility in fluids and bioavailability of the geogenic dust components in both mice and humans.
In conclusion, exposure to geogenic dust from sand dunes of the NDRA dose-responsively and consistently reduced the ability of the immune system to produce IgM antibodies against a T cell-dependent antigen with corresponding decreases in activated T helper cell populations. Based on the IgM antibody response data, the LOAEL established in this study was 0.01 mg/kg, while a NOAEL could not be determined. The LOAEL was based on a dose-responsive immunological effect and a kidney measure. The immunological parameters affected in this study are known to be predictive of increased disease susceptibility (Luster et al., 1992; Luster et al., 1993) and, therefore, are regarded as reliable markers for immunotoxicity. Based on the lack of statistical findings with a "neutral particle" (TiO 2 ), our results suggest that the metal/mineral components associated with the geogenic dust in CBN 1 are likely to contribute to the reduction in antigen-specific antibody production. Suppression of this type of immune function is a sensitive indicator of immunotoxicity in experimental animal systems and is suggestive of the risk of immunotoxicity in other exposed organisms, including humans.
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